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Outline
• T2K
‣ Datasets used
‣ Flux prediction
‣ Flux uncertainties

• LBNE
‣ Currently Available Data
‣ Potential future measurements
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T2K Beam

• 31 GeV/c protons on 91.4 cm long graphite 
target (ρ=1.8 g/cc, 1.9 λ), fixed in place
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T2K Beam Flux
• ND and SK are both ~2.5o off-axis
• Very different detector technologies so many 

cross section and detector uncertainties don’t 
cancel

• Much of this talk will follow “T2K Neutrino Flux 
Prediction”, Phys Rev D, 87 012001 (2013)

• Fluka 2008 was used at time of paper for hadron 
interactions in target + baffle

• Most important hadroproduction data sets for T2K 
are Allaby, Eichten, and NA61  (see next few slides)
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Allaby Data

• Data release as J. V. Allaby et al., Tech. Rep. 
70-12 (CERN, 1970).

• Took data with a 19.2 GeV/c beam on p,Be, Al, 
Cu, and Pb targets

• Measured p,pbar, K+-, π+- production from 12.5 
to 70 mrad and p from 4.5 to 14 GeV/c
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334 T. Eichten et al., Proton interactions in nuclei at 24 Ge V/c 
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Fig. 1. Layout of the magnetic spectrometer. 

2. EXPERIMENTAL RESULTS 

Table 1 shows the measured Lorentz invariant one particle distribution functions 
co(p, 0) defined by 

d2N_ 1 620 p2dpd~2 
o a 6p6~ dpd~2 = co(p, 0) 2E 

where 62o/6p6 ~2 is the differential production cross section, o a is the absorption 
cross section for pBe, pAl, etc. [3] , p , E  are the laboratory momentum and energy of 
the produced particle (GeV), ~2 is the solid angle (sterad), and 0 is the production 
angle (mrad). 

Essentially three corrections have been applied to the measurements: 
(i) for absorption of the produced particles along the spectrometer (10-30% de- 

pending on momentum); 
(ii) for decay of pions and kaons along the spectrometer (substantial for low 

momenta); 
(iii) subtraction of the empty target background (~ 10%). 
The statistical errors were nearly always negligible compared to the systematic 

errors. The overall scale error arising from the uncertainties in the spectrometer ac- 
ceptance and in the absolute calibration of the primary proton beam intensity (by 
A1 activation) is estimated to be 15% [4]. The systematic errors of individual data 
points are determined by the irreproducibility of a given spectrometer (setting 
(about 5%) and by the uncertainties in the corrections applied (2-5% depending 
on momentum). Ratios obtained from one and the same spectrometer setting (K/~ 
ratios and ratios between different targets) are much more accurate (total error 
generally less than 4%), as most systematic errors drop out. Details of the data evalu- 
ation have been given in refs. [5 ,6] .  

Eichten Data

• Published in T. Eichten et al., Nucl. Phys. B 44, 333 
(1972).

• Took data with a 24 GeV/c beam on Be, Al, Cu, and 
Pb targets

• Measured p,pbar, K+-, π+- production from 17 to 
127 mrad and p from 4 to 18 GeV/c 
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Eichten and Allaby K+ 
coverage

• Plot from Scott Johnson, scaled by xf and pt 
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SPS Heavy Ion & 
Neutrino Experiment 
• 2 TPCs inside 

superconducting magnets
• 2 TPCs after magnets
• ToF detectors
• A new projectile spectator 

detector is being 
commissioned

• Had used a variety of 
targets and beams
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NA61 Data for T2K

• All data taken with protons at 31 GeV/c
9

Data Year evts (x106) Status

2 cm target

2 cm target

full target

full target

full target

2007 0.7
π±:Phys. Rev. C84 (2011) 034604
K+:Phys. Rev. C85 (2012) 035210
Λ: Phys. Rev. C89 (2014) 025205

2009 5.4 Preliminary π±, K±, p, K0s, Λ 

To be published soon

2007 0.2 π± method: Nucl. Inst. Meth. A701 
(2013) 99

2009 2.8 End of 2014?

2010 10



NA61 Coverage for T2K

• Colors indicate contribution to T2K flux at SK
• Covers 90% of π and 60% of K+ phase space
• Will increase in future NA61 analyses  (later this 

year)
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The positive kaon production measurements were per-
formed with a coarser data binning and for a range of the
kinematic variables which covers about 60% of the phase
space relevant for T2K. Limitations were imposed by the
available statistics and by the decreased sensitivity of the
kaon identification at larger momenta as a consequence of
the vanishing K=p and K=! production ratios. The maxi-
mum kinematic range considered is between 1.6 and
7:2 GeV=c in momentum and between 20 and 240 mrad
for the polar angle (Fig. 15). The experimental errors on
the Kþ production cross section, mainly dominated by the
statistical uncertainties, are discussed in Sec. VA2.

The NA61/SHINE data cover most of the relevant hadron
production phase space for the T2K flux, as illustrated in
Fig. 15, which shows the simulated momentum and produc-
tion angle of pions and kaons that are produced in primary
proton interactions and decay to contribute to the neutrino
flux at SK. More than 90% of the pion phase space is
covered, and theKþ data cover 60%of the kaon phase space.

The importance of the NA61/SHINE future program of
measurements is outlined in Sec. VA5.

The measurements of the differential kaon production
by Eichten et al. [27] and Allaby et al. [28] cover the

forward production of high energy kaons, which has not
been measured yet by the NA61/SHINE experiment. These
data are used to reweight the model predictions in these
regions. In addition, the differential proton production
measurements in these experiments are used to evaluate
systematic uncertainties in secondary nucleon production.
The pion production data from the BNL-E910 experi-

ment [29] is used to evaluate systematic uncertainties
associated with tertiary pion production.
Measurements of the inelastic cross section for proton,

pion, and kaon beamswith carbon and aluminum targets are
used to reweight particle interaction rates and absorption in
the simulation. A summary of these data is given in
Table XII. The experiments typically measure the inelastic
cross section"inel which is defined as the total cross section
minus the elastic cross section. Some experiments measure
"prod, the production cross section, which is defined here as

"prod ¼ "inel # "qe: (2)

Here, "qe is the quasi-elastic scattering off of individual
nuclei. The production cross section represents the rate of
interactions where hadrons are produced in the final state.
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FIG. 15 (color online). The phase space of pions and kaons contributing to the predicted neutrino flux at SK, and the regions covered
by NA61/SHINE measurements.

TABLE XII. Inelastic and production cross section data used to reweight hadron absorption
probabilities.

Data Beam Target Beam momentum (GeV=c) Measurement

Abrams et al. [30] K$ C, Cu 1–3.3 "inel

Allaby et al. [31] !#, K# C, Al, . . . 20–65 "inel

Allardyce et al. [32] !$ C, Al, . . . 0.71–2 "inel

Bellettini et al. [33] p C, Al, . . . 19.3, 21.5 "inel

Bobchenko et al. [34] !#, p C, Al, . . . 1.75–9 "inel

Carroll et al. [35] !$, K$, p C, Al, . . . 60–280 "prod

Cronin et al. [36] !# C, Al 0.73–1.33 "inel

Chen et al. [37] p C, Al, . . . 1.53 "inel

Denisov et al. [38] !$, K$, p C, Al, . . . 6–60 "inel

Longo et al. [39] !þ, p C, Al 3 "inel

NA61/SHINE [11] p C 31 "prod

Vlasov et al. [40] !# C, Al 2–6.7 "inel

K. ABE et al. PHYSICAL REVIEW D 87, 012001 (2013)

012001-14



Reweighting
• Weights obtained from comparisons of measured 

differential multiplicities to MC predictions
• Reweighting also done for overall σprod

• Eichten and Allaby Be data are scaled by xf and 
target material to cover K regions not covered by 
NA61
‣ Material scaling uses parameterization suggested 

in Bonesini et al, Eur. Phys. J. C 20, 13 (2001).

• Rescaled NA61 data also used for tertiary 
interactions (including in Al)
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Weights to Fluka

12

2. Hadron differential production reweighting

The differential production reweighting is evaluated
using the differential multiplicity in the momentum, p, of
the produced particle and its angle, !, relative to the
incident particle:

dn

dp
ð!; pin; AÞ ¼

1

"prodðpin; AÞ
d"

dp
ð!; pin; AÞ: (3)

The cross section "prodðpin; AÞ depends on the incident
particle momentum, pin, and target nucleus, A.

The differential production weight that is applied to a
given simulated interaction that produces hadrons is the
ratio of the production in data and simulation:

Wðpin; AÞ ¼
½dndp ð!; pin; AÞ%data
½dndp ð!; pin; AÞ%MC

: (4)

For interactions of 31 GeV=c protons on carbon that pro-
duce #& or Kþ in the phase space covered by the NA61/
SHINE data, the construction of the ratio in Eq. (4) is
straightforward since the differential production data pro-
vided is already in the form in Eq. (3), at the correct beam
momentum, and on the correct target material. The weights
applied to differential production in FLUKA simulated
interactions are shown in Fig. 16.
The reweighting of tertiary pion production from nu-

cleon interactions requires extrapolations from the NA61/
SHINE data to lower incident nucleon momentum and
other target materials, since tertiary production can happen
in interactions within the horns (aluminum). Tertiary pions
can also be produced in the interactions of secondary
neutrons, in which case data for the isospin symmetric
reaction (pþ C ! #& þ X for nþ C ! #( þ X) are
used to calculate weights. The same invariance is assumed
for interactions on the Al nuclei, although the isospin
invariance of the nucleus is slightly broken.
The scaling of differential production rates to different

incident nucleon momenta is carried out assuming Feynman
scaling [41]. The Feynman variable, xF, is defined as

xF ¼ pL

pLðmaxÞ
; (5)
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FIG. 16 (color online). The differential production weights
from NA61/SHINE data for #þ (top), #) (middle) and
Kþ (bottom).

p (GeV/c)
4 6 8 10 12 14 16 18

A
l/B

e
R

1.4

1.6

1.8

2

2.2

2.4

2.6

2.8
Data: 17 mrad bin

Fit: 17 mrad bin

Data: 57 mrad bin

Fit: 57 mrad bin

Data: 107 mrad bin

Fit: 107 mrad bin

FIG. 17. Examples of the material scaling exponent $ fit for a
few angular bins in the [27] Kþ data.

TABLE XIII. Parameters for material scaling.

a b c d e

Bonesini et al. [42] 0.74 )0:55 0.26 0.98 0.21
Fit to # data 0.75 )0:52 0.23 1.0 (fixed) 0.21
Fit to K data 0.77 )0:32 0.0 1.0 (fixed) 0.25
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2. Hadron differential production reweighting

The differential production reweighting is evaluated
using the differential multiplicity in the momentum, p, of
the produced particle and its angle, !, relative to the
incident particle:
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"prodðpin; AÞ
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ð!; pin; AÞ: (3)

The cross section "prodðpin; AÞ depends on the incident
particle momentum, pin, and target nucleus, A.

The differential production weight that is applied to a
given simulated interaction that produces hadrons is the
ratio of the production in data and simulation:
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½dndp ð!; pin; AÞ%data
½dndp ð!; pin; AÞ%MC

: (4)

For interactions of 31 GeV=c protons on carbon that pro-
duce #& or Kþ in the phase space covered by the NA61/
SHINE data, the construction of the ratio in Eq. (4) is
straightforward since the differential production data pro-
vided is already in the form in Eq. (3), at the correct beam
momentum, and on the correct target material. The weights
applied to differential production in FLUKA simulated
interactions are shown in Fig. 16.
The reweighting of tertiary pion production from nu-

cleon interactions requires extrapolations from the NA61/
SHINE data to lower incident nucleon momentum and
other target materials, since tertiary production can happen
in interactions within the horns (aluminum). Tertiary pions
can also be produced in the interactions of secondary
neutrons, in which case data for the isospin symmetric
reaction (pþ C ! #& þ X for nþ C ! #( þ X) are
used to calculate weights. The same invariance is assumed
for interactions on the Al nuclei, although the isospin
invariance of the nucleus is slightly broken.
The scaling of differential production rates to different

incident nucleon momenta is carried out assuming Feynman
scaling [41]. The Feynman variable, xF, is defined as

xF ¼ pL

pLðmaxÞ
; (5)
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FIG. 16 (color online). The differential production weights
from NA61/SHINE data for #þ (top), #) (middle) and
Kþ (bottom).
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The fitted parameter values along with the values reported
in [42] are listed in Table XIII.

The NA61/SHINE pion production data are scaled to
aluminum using the parameters in Table XIII, and the
resulting weights applied to the production in GCALOR
are shown in Fig. 18. The weights are calculated for
GCALOR, since the simulation of interactions in the
horn material is done with GEANT3.

The reweighting of Kþ and K" production in the phase
space not covered by NA61/SHINE is carried out using the
Eichten et al. [27] and Allaby et al. [28] kaon production
data. Since these data sets only measure the differential
production at points that cover a small momentum and
angular range, it is necessary to interpolate between the
data points to find the weights for intermediate simulated
production. A bicubic spline interpolation is performed
to each data set separately, and the resulting differential
production cross sections are shown in Fig. 19.

Since these data sets do not include points on carbon, the
data on Be are compared to the FLUKA prediction for Be
at the same incident particle momentum as the data set.
The ratios of the data and FLUKA predictions are eval-
uated and the corresponding distributions of weights from
each data set are shown in Fig. 20.

The weights in Fig. 20 are converted to the xF-pT basis
and applied assuming xF scaling. The Eichten et al. [27]
data are used in regions covered by that data set, but not
covered by the NA61/SHINE Kþ data. The Allaby et al.
[28] data are used in regions covered by that data set, but
not covered by either NA61/SHINEKþ data or the Eichten
et al. [27] data. For regions not covered by any data, no
reweighting is applied and the effect is studied as part of
the uncertainty, as discussed in Sec. VA2.

The K0
L multiplicity is calculated from the Eichten et al.

[27] and Allaby et al. [28] data using a simple quark parton
model (QPM) [45,46]. Assuming the following conditions
on the number densities of sea and valence quarks:

us ¼ !us ¼ ds ¼ !ds; ss ¼ !ss; (8a)

n $ uv=dv ¼ 2; (8b)

a relation between the number of produced K0
L (K0

S), K
þ,

and K" can be established,

NðK0
LÞ ¼ NðK0

SÞ ¼
NðKþÞ þ 3NðK"Þ

4
: (9)

After calculating theK0
L production according to Eq. (9),

the K0
L multiplicity is reweighted in the same manner as in

the case of K'. The weights are shown in Fig. 21.
Although Eq. (9) is only strictly valid for proton-proton

collisions (n ¼ 2), the effect of proton-neutron (n ¼ 1)
interactions leads to only small changes in the flux pre-
dictions that are <1%. It is, therefore, not considered at
this time.
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Flux Weights

• Compared to 
Fluka 2008

• Top plot shows νμ 
flux weights

• Bottom plot shows 
νe flux weights
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Pion Uncertainties

• Uncertainties from NA61 measurements are used
‣ Parameters varied according to covariances

• There are also additional errors due to rescaling 
for different p. These are evaluated by comparing 
to BNL E-910 data (protons on Be at 12.3 and 
17.5 GeV/c)

• For region outside of NA61, error comes from 
comparison to a BMPT fit of NA61
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Kaon Uncertainties
• Again uncertainties on data values are used, taking 

in to account correlations
• Looking at the Al data from Eichten and Allaby 

gives an uncertainty due to target material scaling
• Uncertainty on momentum scaling comes from 

scaling Allaby data to Eichten incident momentum
• Again a comparison to a BMPT fit is use to 

evaluate errors outside of data coverage.
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p,n Uncertainties

• secondary p,n make up 
16%, 5% of flux

• Comparisons between 
FLUKA and Eichten/
Allaby proton data used 
for xf <0.9.  Discrepancy 
is the uncertainty.

• Above  xf >0.9, a 100% 
uncertainty is used

16
In the region of proton production with xF > 0:9, the

incident protons undergo collisions with small momentum
transfer. When studying variations in the flux due to changes
in the secondary nucleon scattering, care is taken to ensure
that the hard nucleon multiplicity remains unity, since no
additional nucleons are produced. Due to the lack of relevant
data, a 100% uncertainty is assigned on the proton produc-
tion multiplicity in this region, but the effect on the flux is
still relatively small since these nucleons are forward-going
and carry most of the original proton momentum.

4. Production cross section uncertainties

The systematic uncertainty in the production cross
section is conservatively taken to be represented by the
magnitude of the quasi-elastic correction, !qe, applied to
the total inelastic cross section for a given particle and at
given beam energy. This is based on an apparent discrep-
ancy between the cross section measurements for protons
of Denisov et al. [38] and those of Bellettini et al. [33],

Carroll et al. [35], and NA61/SHINE [11], which may be
indicative of the difficulty in understanding whether
experiments measure the inelastic or production cross
sections. These data are plotted in Fig. 37.
For the measurement of Bellettini et al. [33], the quasi-

elastic contribution of 30.4 mb [11] has been subtracted
from the reported value of 254 mb. In addition, the mea-
surements by Denisov et al. are also shown after an esti-
mate of the quasi-elastic contribution has been subtracted
from the reported values. The fact that after the subtraction
the agreement between all of the four experiments is better
can be interpreted as that the magnitude of the discrepancy
is roughly similar to the size of the quasi-elastic cross
section. A conservative approach is therefore taken by
using !qe as the systematic uncertainty.
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FLUKA hadron interaction model.
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Hadron Production 
Uncertainties

• π and K uncertainties are 6% or less below 3 GeV
• Largely dominated by nucleon uncertainties

17

5. Summary of the hadron production uncertainties and
prospect from future measurements

The uncertainty on the SK flux as a function of neutrino
energy due to hadronic interaction uncertainties is shown
in Fig. 38. The uncertainties at the off-axis near detector
are similar. At low energy, the largest sources of uncer-
tainty in the !" flux are from the secondary nucleon

production and production cross sections. At high energy,
the flux uncertainty is instead dominated by the experi-
mental errors on the kaon production.

The results of the next set of measurements from NA61/
SHINE will reduce the overall uncertainty on the neutrino
flux prediction. Higher statistics thin target data have been
collected with an upgraded detector configuration that
increases the small angle acceptance. These data will
have reduced uncertainties and cover the full phase space
of interest for T2K. In particular, the kaon production
measurement will be significantly improved. The pion
production uncertainty is already well controlled by the
NA61/SHINE measurement, and the additional data will
have reduced uncertainties and slightly larger phase space
coverage. One of the major source of systematics, the
contamination of pions from the decays of strange parti-
cles, will be further reduced by the NA61/SHINE mea-
surement of ! and K0

S production rates.
The ultimate precision on the flux prediction will finally

be achieved through the measurements of hadron emission
from the same (replica) target as the one used by T2K.

With precise replica target measurements it will be
possible to reduce the uncertainties related to the hadron
production via reinteractions inside the target. NA61/
SHINE has already performed a pilot analysis using low
statistics replica target data [48] to establish the method for
reweighting the production of pions emitted from the T2K
target. Fig. 39 shows the neutrino flux calculated using
the reweighting of the positively charged pion production
based on the replica target data compared to the flux
obtained with the reweighting based on the NA61/SHINE
thin target measurements.
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FIG. 38 (color online). Fractional flux error due to hadron production uncertainties.
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• Other beam effects were largely handled by 
tweaking beam MC and reweighting
‣ Beam size, position, and angle
‣ Off-axis angle
‣ Target and horn alignment
‣ Horn current and B-field

18

Other Sources of Flux 
Uncertainty



Total Flux Uncertainty

• Dominated by hadron production 
• Still more improvements to come, but currently 

the flux uncertainties are ~10-12% in the 
oscillation range of interest

19
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FIG. 43 (color online). Fractional flux error including all sources of uncertainties.
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FIG. 43 (color online). Fractional flux error including all sources of uncertainties.
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Prospects for Improving 
T2K Uncertainties

• 2009 Thin target data 
‣ >5x more statistics
‣ Data will cover more phase space 

(especially for K)
‣ Will have p, Λ , and K0 data

• 2009 Long Target data

20



LBNE Beam

• 80-120 GeV/c protons
• 1.2 MW option currently has a graphite target, will 

likely be fixed in place
• Near and Far detectors likely will have very 

different detector technologies
21

Outline 

• One page summary 
• News in organization/management 
• Highlights of the work done since the past Collaboration 

meeting (Primary Beam, Neutrino Beam, System Integration) 
• Work ahead 
• News in international collaboration 
• Collaboration resources needed immediately 
 

 
 

2 LBNE Collaboration Meeting – Feb. 4, 2014 



Datasets for LBNE
• MIPP: 120 GeV/c protons on a think and thin 

target.  Preliminary NuMI thick target data 
presented in April 2014  (<10% errors in most 
bins)

• NA49: p+C data at 158 GeV/c
• Barton et al:  data at 100 GeV/c, but 

disagrees with NA49 by 20% in region of 
overlap

22



NA61 and LBNE 
• Proposal being submitted to 

DOE to take data with higher 
energy protons in NA61 that 
would benefit Fermilab 
experiments
‣ proton (and pion) data at 

120 GeV/c on thin Be, C, 
and Al targets

‣ proton (and pion) data at 
~60 GeV/c on thin targets

23

120 GeV p+C event in 
NA61



LBNE Phase Space

• Regions of phase space that 
contribute to LBNE flux are 
well matched to NA61 phase 
space

24
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Figure 10: Pion and Kaon contributions to total neutrino flux at LBNE far site.

throw is within the assumed errors. The resulting fractional spread of these models on the pre-292

dicted far detector neutrino fluxes are shown in Figure 11. The resulting spread on the predicted293

⌫µ and ⌫e flux at the LBNE far detector is less than 6% below 10 GeV.294

4.5 NuMI-X modeling295

As stated earlier, determining the neutrino flux in any neutrino beam line is both essential296

for physics objectives and challenging. It requires detailed knowledge of hadron yields from ex-297

tended targets and other complex information necessary for particle transport. The NuMI beam298

has, or soon will service, six experiments (MINOS, MINERvA, NOvA, MINOS+, MicroBooNE,299

ArgoNeut) with diverse detectors and physics programs. It is compelling that all these experi-300

ments would benefit from the development of common tools to simulate the NuMI beam line and301

produce a “reference flux” or a “reference beam line flux simulation”. That flux and simulations302

can then be used to make comparisons and predictions between measurements by present and fu-303
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Figure 6: Reconstruction acceptance of the NA61 spectrometer for charged pions at the indicated

magnetic field setting.

note that the neutrino experiments themselves, particularly those collecting large event samples,227

provide additional constraints on the flux simulations. However, they do not supply direct infor-228

mation on primary interactions.229

Below we present brief comments on how improved beam simulation will impact the ongoing230

and upcoming Fermilab experiments.231

4.1 MINERvA232

MINERvA [30] is a dedicated neutrino-nucleus scattering experiment positioned just upstream233

of the MINOS near detector in the NuMI neutrino beam at Fermilab. The goal of the experiment234

is high-statistics, absolute measurements of inclusive and exclusive interaction rates for neutrinos235

15

π and K contributions to flux at LBNE far site NA61 Acceptance
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note that the neutrino experiments themselves, particularly those collecting large event samples,227

provide additional constraints on the flux simulations. However, they do not supply direct infor-228

mation on primary interactions.229

Below we present brief comments on how improved beam simulation will impact the ongoing230

and upcoming Fermilab experiments.231

4.1 MINERvA232

MINERvA [30] is a dedicated neutrino-nucleus scattering experiment positioned just upstream233

of the MINOS near detector in the NuMI neutrino beam at Fermilab. The goal of the experiment234

is high-statistics, absolute measurements of inclusive and exclusive interaction rates for neutrinos235
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LBNE Coverage 

• Current NA61 has good coverage of charged π,K that 
contribute to LBNE flux  (red line).

• With additional forward tracking could be improved (green line).  
• (The remainder is from n, K0, and Λ0. Some of this should be 

possible to measure too.) 
25

Flux in “Good” Bins

For red and green, the secondary Pi, K, or p, must be in a 
“covered” bin
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Neutron Measurements?

26

• A new projectile 
spectator detector (an 
HCAL) was 
commissioned for NA61 
in 2013

• Could potentially use this 
to make direct 
measurements of forward 
n production



Summary

• T2K has benefited greatly from a suite of thin and 
thick target measurements from NA61

• Increased statistics and data analysis improvements 
from NA61 will improve this over the next 2 years

• Thin target data at 60-120 GeV/c could similarly 
benefit LBNE.  Possible opportunity to start to take 
this data at NA61 in 2015
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